Abstract--The Mg-vermiculite from Santa Olalla has been treated with aliphatic amides--formamide (FM), acetamide (AM) and propionamide (PM)--in aqueous solution. These treatments produce the transformation towards NH4-vermiculite and interstratified NH:vermiculite-Mg-vermiculite phases. The NH 4-vermiculite, Mg-vermiculite and interstratified (mixed-layer)~phases have been identifed from basal X-ray diffraction (XRD) interval peaks between 10,3 _~ and 14,4 A, and confirmed by direct Fourier transform method, as well as by atomic absorption spectrometry (AAS), infrared (IR) spectroscopy and thermal analysis.
INTRODUCTION
The interaction of amides with clays is a complex process. The different types of interaction have been classified as sorption, ion exchange and intercalation. These interactions may take place on both external and internal surfaces, or may be restricted to the external surface (Barshad 1952; Raman and Mortland 1969; Stutzmann and Siffert 1977; Lagaly and Witter 1982; Fripiat 1986; Lagaly 1987; Ruiz-Amil et al. 1992 ). The present work is a contribution to the study of the interaction of organic molecules with layer silicates, in particular using vermiculite. The transformation of Mg-vermiculite to NH4-vermiculite using aliphatic amides takes place through the formation of interstratified phases.
In previous works, Ledoux and White (1966) assumed adsorption of amides (formamide and urea) in kaolinite by the formation of hydrogen bonds between the oxygen of the carbonylic groups and the surface hydroxyls of the mineral, as well as between the hydrogen atoms of the NH2 groups and the oxygen atoms of the siloxanic surfaces. Mortland (1970) described 4 possible reactions mechanisms, which may be involved in the adsorption phenomenon of amide molecules onto clays: ion exchange of protonated molecules, hemisalt formation, coordination complexes with exchangeable cations and hydrogen bonding. Stutzmann and Siffert (1977) demonstrated the character of absorption and adsorption in kaolinite and smectite. In absorption, the amide is present in a cationic (protonated) form on the external surface of the clay. The amount of amide retained depends on the quantity of protons formed initially and, consequently, on the nature of the exchangeable cation. The adsorption takes place through the formation of hydrogen bonds between the amide and the protonated molecules on the surface of the mineral and may occur on either the edges or the basal planes. These authors further studied the mechanism of interaction of AM with montmorillonite and kaolinite in an aqueous medium. The amount of AM fixed on the montmorillonite depends upon both the initial AM concentration and the weight of montmorillonite involved. Their results Copyright 9 1997, The Clay Minerals Society .,o R-< .,0 r R--C-OHa" NH2 NHt,) ! NHz #.0 NH, 4-R--C~.
--~ RCOO-NH4* OH Figure 1 . Reactions of amides with water A) (top) in acid medium and B) (bottom) in alkaline medium.
showed that AM fixation is, in fact, an exchange phenomenon between the molecules of water and AM on the surface of the mineral. The amount of bound AM depends upon the association mode of the organic molecules and the hydration state of the clay. The AM sorption depends, therefore, upon the nature of the interlayer cations.
The reactions of amides with water ( Figure 1 ) is considered a hydrolysis process (Morrison and Boyd 1985) .
In an acid medium, amides may accept a proton on the oxygen or the nitrogen atoms. The amides in acidic montmorillonite systems predominantly protonate on the oxygen atom. The presence of water at the clay surface is clearly essential for protonation of adsorbed amides (Fraenkel and Franconi 1960; Tahoun and Mortland 1966) . The presence of these protons on the surfaces gives rise to the surface acidity (Fripiat 1964; Mortland and Raman 1968; Mortland 1970) .
Interlamellar complexes may be formed by replacement of either of the interlamellar constituents of natural clays by foreign substances. The naturally occurring cations may be replaced by monovalent or polyvalent inorganic cations, or by complex cations, such as NH4 (Douglas 1989) . Ammonia is sorbed by vermiculites mainly as NH4. The NH 3, coordinated to exchangeable metal cations in vermiculite interlayers, may react with interlayer water n(H20) or with H, dissociated from OH groups coordinated in the octahedral layer, to form NH4 (Atrlrichs et al. 1972; Stone and Wild 1978; Morillo et al. 1990 ). The experimental evidence about vermiculites indicates that adsorbed NI-I 3 is more strongly retained by large flakes (between 1.0 and 0.5 ram) than by smaller ones (Stone and Wild 1978) . According to Stone and Wild (1978) , the ammoniated materials gave diffuse diffraction lines without higher orders (in contrast to the natural hydrated forms), indicating a random mixture of different spacings. The selective sorption or fixation of NH4 has been previously observed by several authors (Barshad 1954a (Barshad , 1954b Kittrick 1966; Page et al. 1967; Theng 1972) . Fixation is caused by the close fit of the cation within the hexagonal cavities in the tetrahedral sheets of the silicate layers. This cation (with low hydration energy) causes dehydration and is fixed in the interlayer position. Barshad (1954a Barshad ( , 1954b ) studied the effect of NH4 § ions and replaceability in various vermiculites, and found that it depends on cation exchange capacity (CEC).
In general, previous studies are mostly concerned with qualitative investigations that account for the variety of interaction mechanisms proposed. However, studies by XRD have presented experimental evidence suggesting some type of interstratification, but no thorough analysis has been performed so far. In a previous work (Arag6n de la , the interlamellar sorption of acetamide by natural interstratified kaolinite-smectite was studied by the Fourier transform method (MacEwan et al. 1961; Ruiz-Amil et al. 1967) , using the INTER program as a tool (Vila and RuizAmil 1988) . The aim of the present work is to study the transformation of Mg-vermiculite to NH4-vermiculite using vermiculite flakes of large size (7 • 5 X 0.1 mm3), and the aliphatic amides FM, AM and PM in aqueous solution, by treating at 60 ~ for several days. It will be shown that the transformation Mg---~NH4-vermiculite occurs through the formation of interstratified structures, which are analyzed here for the first time.
EXPERIMENTAL METHODS

Preparation of Samples
The vermiculite sample used in this work was mined from the Santa Olalla deposit (Huelva, southwest Spain) previously studied by Gonz~lez-Garcia and Garcfa-Ramos (1960) , Justo (1984) and Justo et al. (1986) . The samples were made homoionic by successive treatment with 0.5 M MgC12 solution.
Formamide Vermiculite-amide samples were prepared by reacting 5 mL of 100 and 200 g L -t aqueous solutions of FM, AM and PM, with 0.5 g of large vermiculite flakes (7 x 5 X 0.1 ram3). The resultant aqueous suspensions were vigorously shaken for 2 min, sealed in 9-mL centrifuge tubes and stored at 60 ~ for 100 d. Aliquots of these suspensions were separated at different times, air-dried and studied by different techniques. Contamination was carefully avoided, and they were quickly returned to their original containers.
Techniques
Chemical analyses of the samples were performed by AAS using a Perkin-Elmer 703 instrument, after complete dissolution with a mixture of HF-HNO3-HC1 (Bennett et al. 1962; P6rez-Rodrfguez et al. 1985) . The CEC was determined according to the method of Justo et al. (1986) , in which the nitrogen content was determined by the Kjeldahl method as modified by Nehring (1960) .
The XRD patterns were obtained using a Siemens D-501 diffractometer, using a graphite monochromator and fixed slits of 1 ~ 1 ~ 1 ~ and 0.15 ~ Machine settings were 26 mA and 36 kV (CuKct radiation), 2-70 ~ range, 0.05 ~ step scanning and a counting time of 1 s per step. Data acquisition and treatment (such as smoothing, area measurements, ~ peak determination and graphical representation) were performed using DIFFRACT-AT software. Vermiculite flakes were carefully separated from bulk samples. Both faces of each single flake were analyzed by XRD. A preliminary mineral identification was performed using the basal reflections of selected flakes. These were fixed (mounting with adhesive tape) parallel to a glass plate 40 • 40 • 2 mm 3 in order to enhance the basal reflections. Runs were made in triplicate.
The IR absorption spectra were recorded on a Nicolet FT-IR spectrometer with spectrometer's software commands, from 4000 to 300 cm -1. Ground samples were examined as pressed KBr discs (1 mg of sample and 200 mg of KBr). The thermogravimetric (TG) analysis was accomplished using a Setaram high-temperature thermal analyzer, Model 92-16.18. Ground samples weighing 40 mg were examined, using static air atmosphere. The heating rate was 12 ~ min -~, up to 1000 ~
Calculation of the Distribution Function of Interlayer Distances
The interstratified phases were studied using the IN-TER program (Vila and Ruiz-Amil 1988) . The program allows diffraction effects to be calculated from given mixtures (XRD Intensity Function) and compared with experimentally recorded diffraction curves. This program was also used to calculate the distribution function of interlayer distances, W(R), by the direct Fourier transform method (Martfn de Vidales et al. 1990; Arag6n de la Cruz et al. 1992; Pozzuoli et al. 1992; Ruiz-Amil et al. 1992; Ruiz-Amil et al. 1993 ).
The value of W(R) is defined as the probability of finding a layer at a distance, R(.~). This function is deduced by a Fourier transform (MacEwan et al. 1961) considered as:
where: a is a constant proportionality factor; Is and ds are the intensity and spacings of X-ray reflections; | is the angular factor representing the combined Lorentz-polarization and geometrical factors, which depends upon the experimental technique (Vila and Ruiz-Amil 1988) ; and Fs is the structure factor for the mixed layer.
The structure factor of the layer, F~ (MacEwan et al. 1961) , represents the contribution of the layer structure to the variation of scattered amplitude in the 00l direction in reciprocal space supposing, as is usual in clay-mineral structures, that the xy plane is in the layer, and is given by:
Ft(r*) = ~ Nfj(r*)exp(2~rir*zj) [ 
2]
J where: N: is a number of atoms of type s: per layer .~2, ~ is the atomic scattering factor for the jth atom, i is the imaginary unit, r* is the reciprocal spacing (in .~-1), zj is the coordinate of the jth atom measured along 001 direction. The values offj are given by Ibers and Hamilton (1974) . Ft depends only on the nature and the z coordinates of the atoms. To calculate the Ft of any layer it is only necessary to input into the IN-TER program the values of the coordinate, zj, the amounts, Nj, andfj for each class of atom. The formula for the diffraction necessarily involves the structure factors of the 2 types of layers, as well as the interlayer spacing and their proportions.
According to MacEwan et al. (1961) and Vila and Ruiz-Amil (1988) , the structure factor used for the mixed layers is: ~" LOI = Loss on ignition (weight loss after heating at 1000 ~ during 1 h). Table 2 . XRD data for air-dried vermiculite (Vi), Mg-vermiculite (V) and several NH4-vermiculite transition states produced after treatment with FM, AM and PM aqueous solutions (200 g L ~) during 100 d (Vt). 
RESULTS AND DISCUSSION
Structural Forrnulae
The structural formulae of Mg-vermiculite and the NH4-vermiculite calculated from the chemical analysis data (Table 1) The charge for this half-layer is 0.83. The CEC is 140 meq/100 g. NH4-vermiculite (Vt):
The charge for this half-layer is 0.76. The CEC is 135 meq/100 g. The nearly identical structural formula of the NH4-vermiculite suggests that it resembles the ideal Mg-vermiculite structure in composition and layer charge. These results are in agreement with those reported in previous works (Justo 1984; Pons et al. 1989 ).
X-ray Diffraction Study
The Mg-vermiculite exhibits a regular and well-ordered layer sequence, as indicated by the integral series of 001 basal reflections, as shown in Table 2 (de  la Calle Douglas 1989; Reichenbach and Beyer 1994) The XRD diagrams included in Figure 5 show that the transition from 14.4 ./k to 10.3 /~ consists of a progressive displacement of the diffraction lines, with changes in their intensities. The changes occur in a continuous way. The sequence of displacement of 14.4 /k basal reflection to 10.3 /~, which is associated with NH4 sorption between the layers, gives evidence of a structural change. It should be noted that Stone and Wild (1978) , studying the reaction of ammonia with vermiculite, reported diffuse diffraction lines without higher orders (in contrast to the natural hydrated forms with basal spacing at 14.5 /~), indicating an interstratiffed phases with the d(002) basal spacing at 12.2,4,. Unfortunately, these authors did not perform any analysis of interstratified phases.
The diagrams corresponding to 
Study of Interstratified Phases
The value of W(R) (Figures 6, 7 and 8) was calculated in each case (FM, AM and PM) using the basal spacings and intensity experimentally obtained (Figures 2, 3 and 4) . Tables 3, 4 and 5 show the variation of probability coefficients of Mg-vermiculite with the treatments with FM, AM and PM. While the XRD patterns obtained after treatment of Mg-vermiculite with PM solutions ( Figure 4C ) correspond to an interstratified phase, the treatment with FM and AM solutions corresponds to collapsed phases ( Figure 2C and 3C) . The sequence shown in Figures 2, 3 and 4 and Figures 6, 7 and 8, can be explained as follows: A) corresponds to Mg-vermiculite phase, B) to interstratified phase and C) to NH4-vermiculite or interstratified phase. According to McEwan et al. (1961) , only 2 coefficients are necessary to specify the binary interstratification: for example, PA and PAA, or PB and Psi, or PA and PAB. The experimental results are discussed in terms of these theoretical considerations in the next 2 sections.
CONFIRMATION OF THE PURE PHASE AS iNIH4-VERMICULITE AND Mg-VERMICULITE (SEGREGATED PHASES). The W(R)
functions ( Figures 6C and 7C ) calculated from X-ray data ( Figures 2C and 3C Table 5 . Alternation (Figures 6B and 7B) . (Table 5) . According to the above results, the existence of interstratified phases in the transformation of Mg-vermiculite to NHa-vermiculite is confirmed. Table 3 . Variation of probability coefficients of experimentally treated Mg-vermiculite with FM solutions as a function of time (d). The formation of interstratified phases in the interaction of Mg-vermiculite with aliphatic amides (FM, AM and PM) in an aqueous medium, can be divided into 3 categories, according to their NHn-vermiculite/ Mg-verrniculite probability coefficients ratio PalP8 and Paa: I) If the PA/PB ratio is ~ 7/3 and PAA -> 0.7, there are interstratified phases with a strong tendency towards the segregation (case of FM, AM and PM). Table 4 . Variation of probability coefficients of experimentally treated Mg-vermiculite with AM solutions as a function of time (d). 2) If the PA/PB ratio is between 5/5 and 6/4, with PAA in the range 0.45-0.6, there are nearly random interstratified phases (case of AM and PM).
Interstratified Phases with Strong Tendency to
3) If the PA/P~ ratio is --< 5/5 and PAA -< 0.45, there are interstratified phases with a strong tendency towards alternation (case of PM).
It has been found that the final product after the treatment with 100 g L -~ of PM in aqueous solution is a nearly regular interstratified phase. Using 200 g L -I, the final product is an interstratified phase with a Table 5 . Variation of probability coefficients of experimentally treated Mg-vermiculite with PM solutions as a function of time (d). strong tendency toward segregated NH4-vermiculite. In the case of AM, using both concentrations, the final products are an interstratified phase with a strong tendency toward segregated NH4-vermiculite and pure NH4-vermiculite phase. With FM, using both concentrations, the final product is a pure NH4-vermiculite phase. The transformation occurs more quickly in solutions of 200 g L-i of FM, AM and PM (see Tables  3, 4 and 5).
The transformation of Mg-vermiculite to interstratified and/or NH4-vermiculite phases depends strongly upon the amide concentration and upon the physicochemical characteristic of each aliphatic amide; that is, on the particular R/CONI-I 2 ratio (with R = H, CH3 and CH3CH2), which determine the concentration of available NH4 § ions in aqueous solution through hydrolysis processes. Therefore, the speed of transformation depends on the available concentration of NH4 § ions in aqueous solution. The treatments with these aliphatic amides in aqueous solution allow formation of interstratified and NH4-vermiculite phases to be controlled.
Infrared Spectroscopy Study of Vermiculite-Amide Interaction
The IR spectra for ground powdered vermiculite flakes (Figure 9 ), show the transition from Mg-vermiculite (14.4 ~) to during the treatment with FM, AM and PM aqueous solutions (200 g L-l). The IR spectra of vermiculite show a considerable decrease in intensity of vermiculite hydroxyl bands at 3394 and 1632 cm -~ after treatment with FM, AM and PM aqueous solutions, in accordance with previous reported results (Spinner 1959; Ledoux and White 1966; Serratosa et al. 1970; Theng 1974; Olivera-Pastor~et al. 1987; P6rez-Rodrfguez et al. 1988; Morillo et al. 1990 ). The spectra of the treated samples ( cm -~, which are characteristic of NH4 in the interlamellar space (Ahlrichs et al. 1972; Stone and Wild 1978; Morillo et al. 1990 ). These bands tend to be asymmetrical: the 3274 cm -1 band broadened on the low-frequency side, and 1421-1429 cm -7 band on the high-frequency side. The bands observed at 3415, 3034-3035 and 2851 cm -~, associated to NH4 groups, suggest that some of the NH 3 may react with interlayer water n(H~O) or with H, dissociated from OH groups coordinated in the octahedral layer, to form NI L (Ahlrichs et al. 1972; Stone and Wild 1978; Morillo et al. 1990) .
The above results indicate the presence of NH4 + ions, which are absorbed mainly in interlayer sites. The NH4 + ions are formed by reaction of NH 3 with protons dissociated from octahedral layer hydroxyl groups, giving a single sheet of ions with irregular interlayer spacings, as proposed by Stone and Wild (1978) . The incorporation of NI-I 4 ions in 1 single layer (in the interlayer space) reduces the effective charge on the adjacent layer, which leads to the formation of mixed-layer structures in the transformation of Mg ---) NHn-vermiculite.
These results further confirm the exchange of NH 4 by Mg ions, after treatment of Mg-vermiculite with aliphatic amides that are producing NI-I4 ions.
Thermogravimetric-Derivative Thermogravimetric (TG-DTG) Analysis
Vermiculite treated with AM was taken as a model for investigation of the thermal evolution of amidevermiculite interaction. The TG and DTG curves for ground powdered flakes of untreated Mg-vermiculite before and after treatment during 10 and 100 d with AM solution (200 g L-l), are shown in Figure 10 . Untreated vermiculite is considered to be a pure trioctahedral vermiculite, according to a previous study on this sample performed by thermal analysis (Justo et al. 1989 ). The TG curve shows a 1st step of weight loss of 9.87% from room temperature to 180 ~ with a DTG peak centered at 150 ~ followed immediately by a 2nd weight loss of 4.45% that is finished at 300 ~ with a DTG peak at 260 ~ The 1st weight loss is associated with interlayer water that is lost by heating, producing a change from the 2-layer hydrate to the l-layer hydrate (Suquet et al. 1991) . The 2nd one is associated with water loss from dehydroxylation of OH groups coordinated to Mg ions, producing a zero-layer state, according to Rausell-Colom et al. (1980) , which needs a higher temperature to be completely eliminated. It is clear that these thermal steps can be separated from each other. According to the thermal behavior, this sample is considered a typical Mg-vermiculite (Walker 1956; Mackenzie 1970) .
A 3rd weight loss, amounting to 4.60%, beginning at 620 ~ and finishing at 940 ~ with DTG peaks at 820 and 890 and a shoulder at 920 ~ can also be observed. This final weight loss corresponds to the complete dehydroxylation of vermiculite (Walker 1956; Suquet et al. 1984; Justo et al. 1989; Suquet et al. 1991) and subsequent transformation to high-temperature phases, such as enstatite.
The total weight loss of this sample was 19.02%, in agreement with that reported in Table 1 and characteristic values reported for other Mg-vermiculite sampies (Justo et al. 1989; Suquet et al. 1991; Justo et al. 1993) .
However, after treatment with AM in aqueous solution and heating under dynamic conditions (heating rate 12 ~ min-~), pronounced changes in the TG and DTG profiles can be observed. An intermediate state (Figure 10 , curve B, 10 d) is produced, originated at the 1st days of treatment. Finally a steady state is reached (Figure 10 , curve C, 100 d). A 1st weight loss of 1.90% from room temperature to 140 ~ with a split DTG peak centered at 90 and 120 ~ is followed immediately by a 2nd weight loss of 0.68%, from 140 ~ to 300 ~ with a DTG peak at 240 ~ A 3rd weight loss (0.69%) is recorded from 300 ~ to 500 ~ These steps are continuous and could be not clearly separated, in contrast with original (untreated) Mg-vermiculite discussed above, indicating a complex process of elimination of several types of water: bound water, interlayer water and hydroxyl groups.
The 1st loss is associated in part with interlayer water of the interstratified phase produced by the treatment, and in part with interlayer water from vermiculite (Justo et al. 1989; Suquet et al. 1991; Justo et al. 1993) , whereas the 2nd and 3rd losses are assumed to correspond to different water losses originating from dehydroxylation of the interstratified phases, which need lower temperatures to reach a complete elimination. The original Mg-vermiculite layers are being altered, producing an evolution to ammonium intercalated ions. Thus, the 2nd TG step observed in the thermal curve of vermiculite (Figure 10 , curve A) is progressively disappearing (Figure 10 , curves B and C).
Finally, a 4th weight loss of 9.03% with an onset temperature of 560 ~ is observed, finishing at 940 ~ with an important DTG peak centered at 830 ~ The total weight loss is 12.30%, which is lower than pure vermiculite and in agreement with that reported in Table 1.
From the above thermal evolution, it can be deduced that the treatment of vermiculite with AM in the presence of water is producing a progressive transformation of the vermiculite layers through transitional interstratified phases to NH4-vermiculite layers. They are responsible for the greater dehydroxylation weight loss (9.03%), as compared with that observed for pure vermiculite (4.60%, see above), in spite of the fact that the total weight loss is lower in the case of alteration of vermiculite layers by interaction with AM in aqueous media. This observation agrees well with the XRD results, which show the collapse of original vermiculite layers. It should be noted that the dehydration of vermiculite is considered reversible up to 550 ~ but at higher temperatures dehydroxylation is produced (Suquet et al. 1984) .
CONCLUSIONS
The main conclusions resulting from the present results are drawn as follows:
1) The treatment of Mg-vermiculite with aliphatic amides (FM, AM and PM) in aqueous solution produces the transformation towards NH4-vermiculite through interstratified NH4-vermiculite-Mg-vermiculite phases. The NH4-vermiculite, Mg-vermiculite and mixed layer are identified from basal XRD peaks between 10.3 ,A, and 14.4 A,, and confirmed by the direct Fourier transform method, as well as AAS analysis, IR spectroscopy and TG-DTG analysis.
2) Direct Fourier transform analysis shows that the formation of interstratified phases can be divided into 3 categories, according to their NH4-vermiculite/Mgvermiculite probability coefficients ratio (PA/Ps) and PAA: a) Interstratified phases with a strong tendency towards the segregation (case of FM, AM and PM): PA/PB ratio is --> 7/3 and Paa --> 0.7. b) Nearly random interstratified phases (case of AM and PM): PA/P~ ratio is between 5/5 and 6/4, with PaA in the range 0.45-0.6. c) Interstratified phases with a strong tendency towards alternation (case of PM): Pa/PB ratio is --< 5/5 and PAA -< 0.45.
3) The mechanism of interaction of Mg-vermiculite with FM, AM and PM in an aqueous medium takes place by ion exchange of NH4 + between the layers. The hydrolysis of these aliphatic amides leads to the liberation of NH4 + in the medium. Ammonium sorption depends on the physico-chemical characteristic of each aliphatic amide, on the particular R/CONH 2 ratio (with R = H, CH3 and CH3CH2), which determines the concentration of available NH4 + ions in aqueous solution through hydrolysis process. The speed of transformation depends on the available concentration of NH4 + ions in aqueous solution. In general, these treatments allow one to control the formation of NHn-vermiculite-Mg-vermiculite interstratified and NH4-vermiculite phases, which is interesting when the interaction of homoionic vermiculites with organic compounds, in particular amides, is under study. Furthermore, it could be considered as a model for further research on the interaction of organic molecules by vermiculites.
